Using the whole-cell patch-clamp recording technique, resting membrane potentials (RPs), action potential (AP) waveforms, and the properties of voltage-activated inward Na+ (I,,.) and Caz+ (I,,) currents and outward K+ (l,,l,) currents were examined in embryonic and neonatal rat superior cervical ganglion (SCG) neurons as a function of time during development in viva and in vitro. The passive and active membrane properties of neonatal SCG cells examined 524 hr after isolation were similar to those described previously for adult SCG neurons and for neonatal SCG cells maintained for several weeks in culture. Since recordings were obtained within hours of cell dissociations, it is assumed that the results reflect the membrane properties of neonatal SCG neurons in viva at the time of isolation. When neonatal cells were examined as a function of time (up to -2-3 weeks) in vitro, neither RPs nor AP waveforms varied measurably. Although absolute (inward and outward) current amplitudes increased in cells maintained in vitro, in parallel with increases in cell size, no changes in the time-or voltagedependent properties of the currents were observed. Similar results were obtained for cells isolated on or after embryonic day 18.5 (2 E 18.5). The membrane properties of El 4.5-l 8.5 SCG cells examined 524 hr after isolation, in contrast, were significantly different: mean I,, density was higher, and APs were broader than in rE18.5 cells, and, in addition, I, was absent in these cells. When E 14.5-l 8.5 cells were examined after = 1 week in vitro, I,, densities and AP waveforms were indistinguishable from those in zE18.5 SCG neurons, and I, was present. These studies reveal that rat SCG neurons are electrophysiologically mature early in development. Even I,,
koff, 1981; Salkoff and Wyman, 1983) . Taken together, these studies suggest not only that inward and outward currents can change during development but also that the precise developmental sequence may not be stereotyped in all cells.
The principal obstacle to electrophysiological studies of the developing mammalian nervous system has been the small sizes of the neurons and the resultant difficulties associated with impaling cells with intracellular microelectrodes.
With the advent of "tight-seal" (patch-clamp) recording techniques (Hamill et al., 198 1; Sakmann and Neher, 1984) , it now is possible to study AP waveforms and membrane currents reliably in small cells. This methodology also allows more effective separation and, as a result, more complete characterization of ionic currents than was previously possible. Here, we report the results of studies that employed the whole-cell recording technique to measure resting membrane potentials (RPs), APs, and membrane currents in superior cervical ganglion (SCG) neurons during development in vivo and in vitro. The SCG was selected for two reasons: (1) previous studies have characterized the physiological properties of mature (i.e., adult) cells (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a, b; Marrion et al., 1987) and of neonatal SCG neurons maintained in long-term culture (O'-Lague et al., 1978a, b; Wakshull et al., 1979; Higgins and Burton, 1982; Freschi, 1983) , and (2) the morphological development of the ganglion in vivo has been studied in detail (Rubin, 1985a-c) . The results reveal that electrically excitable membrane properties in mammalian sympathetic neurons are highly developed by late embryonic life.
period was observed, embryos were staged also by external appearance (Christie, 1964) . Embryonic ages (E14.5-20) assigned here reflect the latter method of staging; we assume these assignments to be accurate to within -0.5 day. Timed-pregnant rats were killed, and embryos were delivered by cesarean section. Neonates were used within 24-48 hr of delivery.
Immunohistochemistry.The monoclonal antibody 192-IgG (Chandler et al., 1984) purified from mouse ascites fluid, was provided by E.M. Johnson, Jr. (Washington University, St. Louis, MO) , and immunohistochemistry on dissociated SCG cultures was performed as described by Taniuchi et al. (1986) . Affinity purified biotinylated horse antimouse IgG (heavy-and light-chain specific, preabsorbed to remove cross-reactivity to rat IgG), avidin DH, and biotinylated alkaline phosphatase H were obtained from Vector Laboratories (Burlingame, CA) as part of an ABC kit (AK-5200) as were the reagents for visualizing the avidinbiotin alkaline phosphatase complex (SK-5200).
Before staining, dissociated SCG cultures were fixed in 4% paraformaldehyde in 0.10 M phosphate buffer (PB) at pH 7.2 overnight at 4" C. Following washing with PB, cultures were incubated for 1 hr in PB containing 5% heat-inactivated horse serum (HS) before exposure to 192-IgG (5 pg/rnl in PB with 5% HS) for l-2 hr. The primary antibody was removed. and the cultures were washed several times with PB before a 1 hr incubation with the secondary antibody, biotinylated horse antimouse IgG (l~g/ml in PB with 5% HS). After washing several times with PB over 10 min, cultures were incubated with a complex of avidinbiotinylated alkaline phosphatase for 1 hr, followed by a 15-min exposure to alkaline phosphatase substrate II, which produced a brownblack reaction product. All incubations were performed at 22°C. Cultures were visualized and photographed directly and later mounted for permanent storage.
Electrophysiol~gical recordings. The whole-cell recording method (Hamill et al.. 1981 ) was emuloved to measure RPs. APs. and ionic currents. The 'voltage/current~cla*mp circuit was provided by a Dagan (Model 8900) patch-clamp/whole-cell clamp with a 1 GB feedback resistor. Recording pipettes were fabricated from flint glass, and the shanks, up to the tips, were coated with Sylgard to reduce pipette capacitance. Pipettes, after fire-polishing, had tip diameters of 0.5 to 1.0 pm and resistances of 2-4 MB when filled with recording solution (see below). After formation of a high-resistance (giga) seal between the recording electrode and the cell membrane, pipette capacitances were compensated electronically before establishing the whole-cell configuration. Series resistances, estimated from the decay of the whole-cell (uncompensated) capacitative transients, were generally 1.5-2 x pipette resistance (Marty and Neher, 1983) . Since series resistances could be compensated by r90%, voltage errors (resulting from the uncompensated series resistance) are expected to be small: 5 5 mV for currents of 5 8 nA. The results presented here are uncorrected. Series resistance compensation was checked at regular intervals during the course of each experiment, and data were discarded if increases in series resistance were evident. Linear leakage currents were subtracted before data were digitized and stored. All experimental parameters, e.g., holding potentials (HPs), test potentials, and the timing and durations of experimental trials, were controlled with an IBM PC equipped with an analog interface (Model 20009, Tecmar Co.) . Current signals were filtered at 3 kHz, digitized, and stored on flovvv disks. The P-CLAMP software vackane (Axon A preliminary report of a portion of this work has been published previously as a rapid communication (Nerbonne et al., 1986) .
Materials and Methods
Preparation of cultures. Dissociated embryonic and neonatal rat SCG neurons were prepared using procedures similar to those previously described (Mains and Patterson, 1973; Wakshull et al., 1979; Hawrot, 1980; Johnson and Argiro, 1983) . Briefly, ganglia were dissected and incubated in Ca*+, MgZ+-free Hanks' balanced salt solution containing 0.5% trypsin (Gibco) at 37°C for 30 min. After transferring into Eagle's minimum essential medium supplemented with 10% defined horse serum (Hyclone, inactivated by heating at 56°C for 30 min), penicillin/ streptomycin (Gibco, 100 units/ml), 20 mM glutamine, and 1 pgml7S nerve growth factor, cells were dispersed by gentle trituration (Johnson and Argiro, 1983 ) and plated at -3000 cells/cm2 on rat tail collagen. Within -6 hr of plating, cells adhered to the substrate and began to extend processes. Cultures could be maintained for up to 6 weeks with medium changes every 2-3 d. In cultures maintained for longer than 5 d, the growth of non-neuronal cells was inhibited by the addition of 10 PM cytosine arabinoside (ARAC) to the medium for 48 hr on day 4. Altemativelv, dissociated cells could be mated in the presence ofARAC, although with embryonic cultures, this procedure resulted in the death of a substantial number of neurons. In some experiments, dissociated SCG neurons were plated on monolayers of cultured rat cortical astrocytes (Raff et al., 1979) . Within 2-3 hr, cells adhered to this substrate, and process outgrowth was evident. Although we are not certain why adhesion and process outgrowth are accelerated when cells are plated on astrocytes, similar results have been obtained with other neuronal cell types (J. M. Nerbonne and J. Doyle, unpublished observations). In the experiments here, the use of astrocyte monolayers (as substrates) facilitated measurements of APs, RPs, and voltage-activated ionic currents in developing SCG neurons within the first 2-3 hr after dissociation.
Timed-pregnant Wistar and Sprague Dawley rats were obtained from Hilltop Lab Animals, Inc. (Scottdale, PA) and Chappel Breeders, Inc. (St. Louis, MO), respectively. Embryonic age was determined by counting the first day after mating and the appearance of a sperm-positive plug as embryonic day 0 (EO). Since some variation in the total gestation --_ Instruments) was used in data acquisition, and data analyses were performed usine either P-CLAMP or ASYSTANT (Macmillan Software).
For RP a;d AP measurements, bath solutions contained (in m$: NaCl, 140; CaC12, 5; KCl, 4; MgC12, 2; Hepes, 5; glucose, 5; pH 7.4. Recording pipettes were filled with (in mM): KCl, 140; Hepes, 5; glucose, 5; and EGTA, at pH 7.3 . In some experiments, ATP at 3 mM and GTP at 100 WM were also added. Variations of these solutions were employed in voltage-clamp experiments. Although more stable recordings were obtained in low (0.5-2.0 mM) EGTA pipette solutions supplemented with ATP and GTP, neither the addition of nucleotides nor the EGTA concentration influenced the waveforms of the currents or APs. Inward currents were separated from overlapping outward K+ currents by replacing the KC1 in the recording pipettes with isotonic CsCl. In most cases, the Cs+, apparently via intracellular dialysis, effectively blocked >95% of the total outward current. The fast, inward Na+ current (INa) was suppressed by the addition of l-2 /IM TTX to the bath or by inactivation at depolarized HPs (-30 to -50 mV) . Under these conditions, the slow inward calcium current (I,) was studied. I,, was isolated by blocking I, (>95%) with CoCl, (5 mM) included in a low (1 mM) Ca2+ bath solution; extracellular Ca2+ could not be removed completely since this resulted in unstable recordings, presumably because the cells became leaky. Outward currents, recorded with 140 mM KC1 in the pipettes, were usually measured after blockade of I,, and I,. The fast, transient "A" current (IA) and the slower activating, i.e., "delayed," current (IK) were routinely separated by varying HPs and test potentials. In some experiments, separation of I, and I, was facilitated by the addition of tetraethylammonium (TEA) chloride (isosmotic replacement for NaCl) or 4-aminopyridine (4-AP) to the bath. In experiments conducted in normal Ca2+ bath solution. the sums of Ca2+-dependent and Ca2+-independent outward K+ currents were measured. In general, stable recordings of APs, RPs, and voltage-gated (inward and outward) currents were obtained from embryonic and neonatal SCG cells for 20-60 min. All recordings were obtained at 20-22°C. prepared on or before E16.5, neurons that were similar in appearance to mature SCG neurons were also 192-IgG positive. This observation supports the contention that SCG neurons can be readily identified, even in mixed cultures. In physiological studies on SE 16.5 cultures, cell appearance was used to judge which cells were SCG neurons, and only those cells were compared in the present study.
Voltage-dependent currents Previous electrophysiological studies on dissociated SCG neurons were performed on cells derived from neonatal and late embryonic ganglia after ~2-3 weeks in culture (O'Lague et al., 1978a, b; Wakshull et al., 1979; Higgins and Burton, 1982; Freschi, 1983) . Recordings from early embryonic and freshly dissociated cells were accomplished here by employing the "tightseal," whole-cell recording technique (Hamill et al., 198 I) , and within 2-3 hr of plating, RPs, APs, and voltage-activated currents could be measured. This time corresponded to the time required for cells to adhere to the substrate, and recordings were not attempted earlier. Although SCG neurons isolated at E20-neonatal were significantly (p < 0.001) larger than those dissociated at E14.5-16.5 (Table l) , there were no differences in the ease with which high resistance membrane-pipette seals and whole-cell recordings were obtained.
The effects of l-3 mM 4-AP on the waveforms of outward K+ currents and APs were evaluated during electrophysiological recordings by pressure applications from small (24 rm) puffer pipettes placed within ~25 pm of the cell surface. In all experiments, two puffer pipettes were employed: (1) the experimental pipette contained the test drug in bath solution, and (2) the control pipette contained bath solution. Drug solutions were prepared immediately before use by diluting frozen stocks in the appropriate bath solution.
Cell membrane capacitances were measured by integrating the capacitative current transients evoked during small (5-20 mV) hyperpolarizing or depolarizing voltage clamp steps. These measurements were used to calculate membrane surface areas (Sakmann and Neher, 1984) from which cell diameters were estimated, assuming the cells to be spherical. Cell sizes, current densities, etc., are presented as mean f SD. The statistical significance of apparent differences among cells isolated at various development times or among cells maintained for varying times in vitro was evaluated by applying the Student's t test, and p values are presented. Rate constants for outward current activation were determined from single exponential fits to the rising phases of the currents after the first few milliseconds. The current waveforms were analyzed in this way to provide reliable estimates of the time course of outward current activation for qualitative comparisons of different cell populations. These analyses do not reflect any underlying mechanistic interpretation about current properties. Rate constants are presented as mean + SEM.
Results

Cell cultures
As previously demonstrated (Wakshull et al., 1979; Johnson and Argiro, 1983) , SCG neurons enzymatically dissociated from neonatal and late embryonic (E 18-20) rat pups survive, extend processes, and make synaptic contacts in vitro. Similar procedures allowed dissociation of E14.5-18 ganglia. Mechanical methods for dispersing cells (Johnson and Argiro, 1983) were unreliable in our hands. Although attempts were made to isolate ganglia at earlier stages, it was not possible to distinguish the SCG from other nearby ganglia before zE14.5. This probably is not surprising, since the SCG, first detectable at E 12-l 4, does not coalesce into a well-separated ganglion until E 14-l 6 (Rubin, 1985a) . In fact, in dissociated cultures prepared at E14.5-16.5, several morphologically distinct cell types were evident, only one of which resembled SCG neurons isolated at ~E18. As it seemed likely that the unidentified cells arose from nearby ganglia removed with the SCG, binding to the monoclonal antibody 192-IgG, directed against the NGF receptor (Chandler et al., 1984) , was examined. In dissociated cultures prepared from E14.5-16.5 ganglia, -30% of the cells did not stain with 192-IgG, whereas essentially all (2 95%) neurons in IE 18 SCG cultures were 192-IgG positive. Although false positives might be expected owing to the apparent presence of NGF receptors on neurons not derived from the neural crest, there is no evidence for false negatives, since all sympathetic neurons appear to stain with 192-IgG (Richardson et al., 1986) . As a result, it seems unlikely that neurons that did not stain with 192-IgG were derived from the SCG (Richardson et al., 1986) . In cultures When neonatal SCG cells were examined within a few hours of dissociation, depolarizations to potentials positive to -30 mV from HPs between -40 and -90 mV revealed inward and outward currents. Although attempts were made to compare the waveforms of the total depolarization-activated currents in E14.5-neonatal SCG cells, differences among cells were difficult to quantify, since inward and outward current components overlapped. As a result, in all subsequent experiments, the properties of the individual current components were examined in isolation. Voltage-dependent inward currents were measured with Cs+ in the pipettes. Depolarizations from an HP of -80 mV revealed a transient Na+ current (I,,) and a more slowly activating, noninactivating, Ca2+ current (Id. Similar results have been reported previously for dissociated neonatal SCG cells after = 3 weeks in vitro (Freschi, 1983) and for adult SCG neurons (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a, b) . It seems certain that I,, underlies the rapidly rising phase of the AP in these cells (O'Lague et al., 1978a, b; Higgins and Burton, 1982; Freschi, 1983) . In neonatal SCG cells, I,, was blocked by the addition of TTX to the bath. Although there was some variability in the concentration (l-3 PM) required to suppress I,, amplitudes by ?95%, there did not appear to be any TTXinsensitive components of I,,. After suppression of I,,, depolarizations from HPs of -50 to -60 mV revealed I,, which resembled Ca*+ currents described previously in a variety of neurons (Hagiwara and Byerly, 198 1; Kostyuk, 198 l) , including rat SCG cells (Freschi, 1983; Belluzzi et al., 1985b , Wanke et al., 1987 Hirning et al., 1988) . Although it is not clear if I, contributes to the rising phase of the AP, voltage-dependent Ca2+ influx influences AP waveforms in SCG cells via the activation of Ca*+-dependent outward K+ currents, which underlie the afterhyperpolarization phase of the AP (Freschi, 1983; Kawai and Watanabe, 1986; Marrion et al., 1987) . Depolarizationactivated outward K+ currents (I,,,) were measured after I,, and I, were blocked by the addition of TTX and Co2+ to the bath; the waveforms of I,,, were similar to those described previously in adult (Galvan and Sedlmeir, 1984 1983) SCG neurons. Since these preliminary studies revealed that the properties of voltage-gated inward and outward currents in neonatal SCG cells (524 hr after isolation) were (qualitatively) similar to those described previously in mature SCG cells, subsequent experiments were aimed at more quantitative comparisons of current properties as a function of time during development in vivo and in vitro.
Voltage-gated sodium currents
In E20-neonatal SCG cells examined 4-24 hr after isolation, I,, was evoked during depolarizations to potentials between -50 and +50 mV from HPs of -40 to -80 mV (Fig. 1) . From an HP of -80 mV (Fig. lA) , I,, begins to activate positive to = -40 mV and peaks at = + 10 mV. The waveforms of I,, evoked from an HP of -40 mV (Fig. 1A) are similar, although absolute current amplitudes are reduced due to steady-state inactivation. Since these cells were examined within a few hr of dissociation, it is assumed that currents measured reflect the properties of I,, in vivo at the time of isolation. Similar I,, waveforms were recordedin E16.5-18.5 (not shown) and E14.5-16.5 (Fig. 1B ) SCG cells 4-24 hr after dissociation. In addition, the normalized current-voltage relations for I,, ( Fig. 1 C' ), as well as the kinetics of I,, activation ( Fig. 1D ) and inactivation (not shown) in E14.5-16.5 and E20-neonatal SCG cells were indistinguishable. Because the rising phases of the currents evoked at potentials positive to = +20 mV are not well resolved, the time to peak determinations ( Fig. lD) , as well as absolute I,, amplitudes, may be underestimated at the more positive test potentials. If this were the case, small differences in kinetics or current-voltage relations at positive test potentials might have gone undetected. Nevertheless, the similarities in the kinetic and voltage-dependent properties of I,, (at least up to the peak of the IV relation) in cells isolated at E14.5-birth suggest that the properties of I,, do not vary significantly during this developmental period in vivo.
In spite of similarities in current properties, there were large variations in absolute I,, amplitudes among cells isolated at the same developmental time. In E20-neonatal cells examined 124 hr after isolation, for example, peak I,, amplitudes (at + 10 mV) evoked from an HP of -80 mV varied = 1 O-fold over the range of 0.7 to 7.3 nA (mean = 3.4 nA, median = 2.7 nA, n = 16). A similar, although narrower, range was observed in E14.5-16.5 cells 524 hr after isolation, and peak I,, amplitudes were 0.7-3.6 nA (mean = 2.4 nA, median = 2.2 nA, n = 10). Peak Na+ current densities (Table 2 ) in E14.5-16.5 and E20-neonatal cells also were similar; the slightly larger mean peak I,, density (6.3 PA/pm*) for the E14.5-16.5 cells is not statistically significant 0, > 0.05). These results suggest that Na+ channel expression is fully developed in SCG neurons as early as E14.5 (and perhaps earlier) and that Na+ current density does not vary significantly between E14.5 and E20 in spite of large increases in cell size (Table 1) . To test this hypothesis, attempts were made to evaluate I,, densities in SCG neurons developing in vitro. Although I,, amplitudes increased markedly in SCG cells maintained for 48 hr to 2 ,weeks in vitro, quantitative measurements of I,, were complicated by the lack of spatial control of the membrane voltage owing to the extensive elaboration of processes in these cells. The data presented in Table 2 for cells examined at 48-96 hr in vitro reflect the small number of cells in which voltage-clamp control was evident. Although few cells could be analyzed, no differences in peak I,, densities were apparent.
Voltage-gated calcium currents Inward Ca2+ currents (I,), evoked during depolarizations to potentials between -20 and + 50 mV from an HP of -50 mV, were examined in E20-neonatal SCG cells 524 hr after isolation. In these cells, I,, rises to a peak in 5-10 msec and inactivates only slightly (~20%) during 125 msec depolarizations ( Fig. 2A) . I, was partially inactivated at HPs positive to -50 mV, with complete inactivation observed at an HP of x -10 mV. The waveforms of I, in E14.5-16.5 SCG cells examined 524 hr after isolation were similar (Fig. 2B ). Since I, was observed in all embryonic and neonatal SCG neurons examined within hours of isolation, it seems certain I, was present in these cells in vivo at the time of dissociation from the intact ganglia. In addition, the normalized current-voltage relations for I, (Fig. 1 C) and the kinetics of I, activation (not shown) in El 4.5-l 6.5 and E20-neonatal cells (124 hr after isolation) are indistinguishable. The properties of I, are similar to those of the "high-voltage threshold" (Carbone and Lux, 1984) or "L''-type (Nowycky et al., 1985; McCleskey et al., 1986; Fox et al., 1987a, b) Ca2+ currents/channels previously described in a variety of excitable cells, including sympathetic neurons (Wanke et al., 1987; Hirning et al., 1988) . During depolarizations from more hyperpolarized HPs (-70 to -90 mV), there was also an inactivating Ca2+ current component evident in some cells. Similar observations made previously have been attributed to the presence of "N"-type Ca*+ currents/channels (Wanke et al., 1987; Himing et al., 1988 ), similar to those described in DRG neurons (Nowycky et al., 1985; McCleskey et al., 1986; Fox et al., 1987a, b) . We have not examined the d&elopmental properties of this current type. In agreement with previous reports (Wanke et al., 1987; Himing et al., 1988) , we find no evidence for the presence of "low-voltage threshold" (Carbone and Lux, 1984) or 'Y-type (Nowycky et al., 1985; Fox et al., 1987a, b ) Ca*+ currents/channels in rat SCG neurons. Although similar in neonatal and embryonic SCG cells, the waveforms of I,, measured here (Fig. 2, A, B) are different from those reported previously for cultured (4-6 weeks) neonatal (Freschi, 1983) and adult (Belluzzi et al., 1985b ) SCG neurons. In those studies, I,, activated and inactivated rapidly, and the current-voltage relation for I, peaked between -20 and 0 mV. In order to determine if these differences could be attributed to developmental changes in I, properties or, alternatively, to the different recording conditions employed, I, waveforms were evaluated under conditions similar to those used in the microelectrode studies. With K+ in the recording pipettes and 30 mM TEA in the bath to block outward K+ currents, depolarizations revealed inward currents that peaked at ~0 mV and decayed 2 50% within 125 msec. In addition, net outward currents were observed during large depolarizations (data not shown). These observations suggest that 30 mM extracellular TEA was insufficient to suppress all (voltage-and Ca*+-dependent) outward K+ currents in isolated SCG neurons and that the whole-cell recording configuration is preferable for quantitative studies, since it allows direct measurement of I, (in the absence of contaminating outward K+ currents).
As observed for I,,, there were significant differences in the l.Oabsolute amplitudes of I,, among SCG neurons isolated at the same developmental time. For E20-neonatal cells examined 5 24 hr after isolation, for example, peak I, amplitudes at + 20 mV evoked from an HP of -50 mV varied = lo-fold, over the range 0.10 to 1.0 nA (mean = 0.50 nA; median = 0.31 nA; n = 12). Similar variations were seen in El 4.5-l 6.5 cells, with peak I, amplitudes ranging from 0.10 to 1.1 nA (mean = 0.35 nA; median = 0.25 nA; n = 22). After normalizing for differences in cell sizes (Table I) , mean I,, density was significantly (p < 0.05) higher in E14.5-16.5 than in E20-neonatal cells (Table  2) . These results suggest not only that the expression of I, channels is fully developed as early as E14.5 but also that I,, densities decrease during development in vivo between E14.5 and birth, as the cells increase in size. In addition, peak I, densities continued to decrease significantly (p < 0.01) to ~0.35 pApurn* in both E 14.5-l 6.5 and E20-neonatal cells maintained in vitro (Table 2 ). In contrast, neither the kinetics nor the volt- 
Voltage-dependent outward currents
With K+ in the pipettes, depolarizations from HPs between -30 and -100 mV revealed net outward currents (I,,) in neonatal SCG cells examined 524 hr after isolation. Although the absence of TTX distorted the rising phases of I,,,, there did not appear to be a component of I,, that was dependent on Na+ influx (Bader et al., 1985) . In contrast, the rates of rise, as well as the peak and the steady-state amplitudes of I,,,, were sensitive to extracellular Ca2+ (Fig. 3) . With 10 mM Ca2+ in the bath, I,, evoked from an HP of -50 mV rose to a peak in a few milliseconds and inactivated only slightly during 125 msec depolarizations (Fig. 3A) ; in some cells, an inward current (presumably Id was also apparent (Fig. 3A) . When extracellular Ca2+ was reduced to 1 mu and 5-10 mM Co2+ was added to the bath, the and Gurney * Membrane Excitability i n Developing SCG Neurons B . rates of activation and the amplitudes of I,,, were reduced (Fig.  3B) . The Caz+-dependent component of I,,, (Fig. 3C9 , which has been termed I, (Galvan and Sedlmeir, 1984) , was determined by subtraction of I,,, waveforms recorded in the presence of Co2+ (Fig. 3B ) from those measured in its absence (Fig. 3A) . The properties of I, are qualitatively similar to those reported previously for adult SCG neurons (Galvan and Sedlmeir, 1984) . I, has a time course similar to that of I, and appears to follow directly the time course of Ca2+ influx. Although we have not examined the properties of I, quantitatively, I, was observed in all E14.5-16.5 (n = 6) and E20-neonatal (n = 11) SCG cells examined 524 hr after isolation under the recording conditions described above, and the properties of I, were qualitatively similar in these cells. Absolute I, amplitudes were variable, presumably as a result of variations in I,,. After I, is blocked, the waveforms of I,,, in neonatal SCG cells (524 hr after isolation), similar to those described previously in mature SCG neurons (Freschi, 1983; Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a) , vary with HP (Fig. 4) and appear to comprise two distinct outward current components:
(1) a rapidly activating, transient component, termed I, (Hagiwara et al., 196 1; Connor and Stevens, 197 la, b; Adams et al., 1980; Segal et al., 1984; Rogawski, 1985) and (2) a slowly activating, sustained component, similar to the delayed rectifier, I, (Adams et al., 1980; Latorre et al., 1984) . The differing timeand voltage-dependent properties of I, and I, were exploited to evaluate their respective contributions to the total (Ca2+-independent) voltage-activated outward K+ currents in developing SCG cells. Peak (which reflects I,) and plateau (which reflects IK) outward current amplitudes were measured during depolarizations to potentials between -40 and +60 mV from an HP of -80 mV. Although the plateau current, i.e., IK, did not decay significantly during prolonged (2 200 msec) depolarizations, preliminary experiments revealed that I, amplitudes were reduced when voltage steps were presented at (2-see intervals. Since these observations suggest that I, channels undergo steadystate inactivation over the same potential range that channels open and, in addition, that recovery from steady-state inactivation is slow, voltage steps were presented at 2 5-set intervals to allow quantitative analyses of I,. Normalized current-voltage "w -35mV relations for I, and I, in E20-neonatal 5 24 hr in vitro revealed that the amplitudes of both components increased with increasing depolarization with no apparent saturation over the potential range of -40 to +60 mV (Nerbonne et al., 1986) . Similar results were obtained when currents were evoked from an HP of -50 mV, although, in this case, I, amplitudes were markedly reduced, apparently as a result of steady-state inactivation (Nerbonne et al., 1986) . The absolute amplitudes of I, and I, in E20-neonatal SCG cells (124 hr in vitro) varied among cells.
I, evoked at + 10 mV from an HP of -80 mV, for example, varied from 0.88 to 3.3 nA (mean = 2.0 nA; median = 2.0 nA, n = 13), and I,, during the same step, varied from 0.60 to 2.6 nA (mean = 1.3; median = 1.2; n = 13). These ranges are smaller than those observed for inward current amplitudes. Absolute I, and I, amplitudes increased in E20-neonatal cells maintained in vitro as the cells increased in size (Table l) , and although mean I, density (Table 3 ) in these cells did not vary markedly, I, density decreased (Table 3 ) significantly (p < 0.001) during the first few days after plating. Neither the kinetics nor the voltage-dependences of I, or I, were altered in cells examined at different times after isolation.
Although a Caz+-dependent component of I, has been described in adult SCG neurons (Galvan and Sedlmeir, 1984) , it was not clear if a similar conductance pathway is present in EZO-neonatal cells. To examine this possibility, I, waveforms in the presence and absence of extracellular Ca2+ were measured during depolarizations to potentials between -30 and -10 mV (where there is little or no activation of I,J from an HP of -90 mV. Subtraction of these records revealed only inward currents. Since CaZ+ currents evoked during depolarizations to -30 to -10 mV are small (see Fig. 2 ), it might be suggested that a Caz+-dependent component of I, (even if present) might not have been revealed in these experiments. Although we cannot eliminate this possibility based on these studies alone, no Caz+-activated transient outward currents are evident in these cells following intracellular Ca2+ jumps in the presence of the photolabile Ca2+ chelator, Nitr-5 (Gurney et al., 1987) . Substantial variations in I,,, waveforms were observed in E16.5-18.5 SCG cells. In only -50% of the cells was I, evident. In addition, when E14.5-16.5 SCG cells (n = 44) were examined 524 hr after dissociation, I, was not evident, and the waveforms of I,,, evoked during depolarizations from HPs of -50 and -80 mV were indistinguishable (Fig. 5A) . When SCG cells isolated at E14.5-16.5 were examined after 5-7 days in vitro, in contrast, the waveforms of I,,, varied as a function of HP, and I, was evident on depolarizations from hyperpolarized potentials (Fig.  5B ). These observations suggested that I, was not present in SCG neurons isolated at E14.5-16.5 and that I, developed in these cells if maintained in vitro for several days. Alternatively, if the amplitudes of I, were small relative to I,, it might be that I, was obscured (rather than absent) in El4.5-16.5 SCG cells. In order to evaluate this possibility,, the rates of outward current activation (see Methods) evoked from an HP of -80 mV were (Fig. 4) , the apparent rates of total outward current activation should vary as a function of the relative contributions of I, and I,. Analyses of the rates of outward current activation in E20-neonatal SCG cells revealed that the rate constants were voltagedependent (Nerbonne et al., 1986) , increasing with increasing depolarization (Table 4) . Similar results were obtained for El 8.5-20 SCG cells, .and no significant differences in activation rate constants were evident in these cells studied up to = 3 weeks in vitro (not >.shown) . Analyses of the rates of I,,, activation in E14.5-16.5 SCG cells 524 hr after isolation, in contrast, revealed rate constants -6-fold smaller (Table 4) . These observations are consistent with the suggestion that I, is absent in SCG cells isolated at E14.5-16.5. The rates of I,,, activation in these cells, therefore, are determined by I,. When E14.5-16.5 SCG cells were examined after = 1 week in vitro, the rate constants for outward current activation were increased =6-fold and were similar to those measured in neonatal cells 124 hr in vitro (Table 4 ), suggesting that I, was now functional in these cells. In contrast to the observed variations in I, in developing SCG cells, there were no measurable differences in the voltage-dependent properties of I, among SCG neurons isolated at different developmental (E14.5-neonatal) times (Fig. 6A) or for embryonic cells maintained in vitro (Fig. 6B) . The kinetic properties of I, (Table 4 ) also were indistinguishable (Nerbonne et al., 1986) . The absolute amplitudes of I, in E14.5-16.5 SCG cells 524 hr in vitro were similar, although somewhat more variable, than those measured in E20-neonatal cells (see above). I, amplitudes in E14.5-16.5 cells examined 524 hr after isolation varied over the range 0.10 to 2.2 nA (mean = 0.45 nA; median = 0.30 nA, n = 44). Nevertheless, I, densities in these cells were not significantly different from those measured in E20-neonatal cells (Table 3) (Table  3) . Taken together, these observations reveal no evidence for any significant developmental changes in I, in SCG neurons.
Resting membrane potentials and action potentials With normal bath solution and 140 mM KC1 in the recording pipettes, RPs and AP waveforms were measured in isolated SCG cells. In early and late embryonic SCG cells, RPs (Table 5) were similar to those measured previously using microelectrode techniques in adult (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a) and long-term cultured neonatal (Higgins and Burton, 1982; Freschi, 1983 ) SCG neurons. For E20 SCG cells examined 524 hr after isolation, RPs varied over a range of ~30 mV, with a mean (*SD) value of -53 k 8 mV (Table 5) . No significant differences in RPs were evident among cells evaluated over approximately 1 week in vitro (Table 5 ). As cells were examined within hours of isolation, it is assumed that the data reflect the RPs of cells in vivo at the time of dissociation.
In E20-neonatal cells, APs evoked by brief depolarizing current injections (via the recording pipettes) were similar to those described previously in adult (Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a) and long-term cultured neonatal (Higgins and Burton, 1982 ) SCG neurons. APs (Fig. 7A) were characterized by fast activation, somewhat slower repolarization, and prolonged afterhyperpolarization. In general, AP waveforms were quite stereotyped, although differences in (AP) amplitudes and durations were observed that appeared to correlate with differences in RPs. AP waveforms were similar in cells examined 3-7 days after isolation (not shown). As reported previously for mature SCG cells (Higgins and Burton, 1982) , E20-neonatal SCG cells could be stimulated to fire APs repetitively during prolonged current injections. Maximal firing frequencies were observed in the range of 15-30 Hz. In the presence of TTX (1 PM), it was more difficult to evoke APs, unless outward K+ currents were also partially suppressed. APs (when evoked) were slower to rise, reduced in amplitude, and, in some cells, prolonged. When Ca*+ influx was blocked by the addition of Co*+ to the bath in the absence of TTX, in contrast, neither the rising phases, the peak amplitudes, nor the currents required to evoke APs were significantly affected, although AP afterhyperpolarizations were eliminated or markedly reduced. These results suggest that both Na+ and Ca2+ influx are important in determining AP waveforms in developing, as in mature (Higgins and Burton, 1982; Freschi, 1983; Galvan and Sedlmeir, 1984; Belluzzi et al., 1985b; Kawai and Watanabe, 1986; Marrion et al., 1987) , SCG neurons.
The waveforms of APs in <El 6.5 SCG cells examined 124 hr after isolation were similar (although not identical) to those described above. The rising phases of APs in E 16 and E20 SCG cells, for example, were indistinguishable, although the initial phase of AP repolarization was slower in El6 cells, and APs were somewhat broader (Fig. 7A) . Comparison of AP durations in El6 and E20 SCG cells 124 hr after isolation, in fact, revealed that the time required for 50% (APD,,) and 90% (APD,,) repolarization to the RP were significantly (p < 0.001) longer for El6 cells. APD,, (mean f SD) values, for example, were 4.6 f 1.7 and 3.1 f 0.4 msec for El6 (n = 15) and E20 (n = 18) SCG cells, respectively. In addition, it is of interest to note that significantly (p < 0.001) smaller currents were required to evoke APs in E 16 than in E20 SCG cells. During brief (3 msec) depolarizing current injections, the minimal current (mean + SD) required to evoke APs in E 16 and E20 SCG cells 4 24 hr in vitro was 135 f 44 (n = 10) and 241 k 76 (n = 14) pA, respectively. Although it might be suggested that this difference is attributable to differences in cell input resistances, this possibility seems unlikely, since input resistances (mean + SD) in E 16 and E20 SCG cells examined 5 24 hr after isolation were 1.73 f 0.86 GQ (n = 13) and 1.45 * 0.83 GQ (n = ll), respectively. These values are not significantly different. That smaller currents are required to evoke APs in E14.5-16.5 SCG cells seems likely to reflect the absence of I, in these cells. Because I, activates rapidly on membrane depolarization, this conductance pathway is expected to counter depolarization-activated increases in inward (mostly Na+) currents. In the absence of I,, therefore, cells would be expected to be more excitable, i.e., smaller currents should bring a cell to threshold when IA is functional.
As previously demonstrated in mature SCG cells (Belluzzi et al., 1985b) , marked changes in AP waveforms in late embryonic and neonatal SCG cells were also observed as a function of membrane potential (Fig. 8) . It seems unlikely that variations in RPs account for the differences in AP waveforms in E 16 and E20 SCG cells (Fig. 7) , since no significant differences in RPs were observed among cells isolated at El6 and E20 or in SCG cells maintained for varying times in vitro (Table 5 ). In addition, the cells in Figure 7 both had RPs of = -52 mV. Nevertheless, AP waveforms evoked from rest in El 6 SCG cells do resemble those elicited in older cells from more depolarized membrane potentials.
Previously, based on variations in AP durations with membrane potential, it was proposed (Belluzzi et al., 1985a ) that I,, rather than other voltage-(13 or Ca2+-(I,) dependent K+ currents, underlies AP repolarization in SCG neurons. According to this model, AP durations at different membrane potentials are determined by the (variable) contribution of I,. At more depolarized membrane potentials, APs are broader as I, channels undergo steady-state inactivation, whereas at more hyperpolarized membrane potentials, APs are shortened as steadystate inactivation of I, channels is removed (Belluzzi et al., A.
---
0 n +l5 1985a). The variations in AP waveforms as a function of membrane potential observed here (Fig. 8) are consistent with the predictions of this model. If I, plays this role in SCG neurons, its absence in sEl6.5 cells could account for the broadened APs in these cells (Fig. 7) .
In an attempt to evaluate directly the role of I, in AP repolarization, the effects of 4-AP on AP waveforms in E20 SCG neurons were examined, as 4-AP has been suggested to suppress I, preferentially in some cells (Thompson, 1977; Adams et al., 1980; Segal et al., 1984; Rogawski, 1985) . Consistent with previous observations (McAffee and Yarowsky, 1979) , brief puffer applications of 4-AP (1-3 mM) resulted in AP prolongation (Fig.  9A ). In this cell, the APD,, increased from 3 to 5.2 msec following 4-AP application. These observations support a role for I, in AP repolarization in SCG cells. In ~30% of the cells examined, however, 4-AP also reduced afterhyperpolarization amplitudes (Fig. 9A) , suggesting that 4-AP has effects on K+ currents in addition to I,. This was confirmed in voltage-clamp experiments (Fig. 9B) , since puffer applications of 4-AP (l-3 mM) also partially suppressed I,. These observations complicate interpretation of the effects of 4-AP on the AP. As I, almost certainly contributes to AP repolarization, the broadening of the AP (Fig. 9A ) by 4-AP may be partially attributed to suppression of I, (in addition to IA). Unfortunately, this possibility is difficult to examine in any detail in the absence of more specific blockers of I, and I,. Perhaps as more specific K+ channel blockers or toxins (Pappone and Cahalan, 1987) become available, it will be possible to delineate the precise role(s) of I, and I, in AP repolarization in SCG neurons.
Discussion
The results presented here demonstrate that electrically excitable membrane properties in neonatal and late embryonic (rE18.5) rat SCG neurons are similar to those described previously in mature SCG cells (Freschi, 1983; Galvan and Sedlmeir, 1984; Belluzzi et al., 1985a , b, Marrion et al., 1987 . Electrophysiological recordings were obtained within hours of cell dissociations and are assumed to reflect the in vivo membrane properties of these cells at the time of isolation. When these cells were examined after varying times in vitro, the absolute amplitudes of voltage-gated inward and outward currents were increased, although no significant differences in the timeor voltage-dependent properties of the currents and no measurable changes in RPs or AP waveforms were observed. Taken (Tables 2 and 3 ) in spite of continued increases in cell size ( Table  1) . As a result, we favor the interpretation that the results reflect developmental decreases in I, and I, densities in these cells. This interpretation (at least for I& is supported by the observation that mean peak I, density measured in E14.5-16.5 SCG cells 524 hr after isolation was significantly higher (Table 2) Following puffer application of (3 mM) 4-AP for 30 set, the AP was broadened. Similar results were obtained in 6 other E20 SCG cells. B, Outward currents, evoked during depolarizations to potentials between -10 and +40 mV from an HP of -50 mV were measured as described in the legend of Figure 4 . Control K+ currents are indicated by the asterisks. Following a 30-set application of (3 mM) 4-AP, the peak of the outward current is less evident, suggesting substantial block of I,.
In addition, attenuation of the plateau current (IK) also is observed. Similar results were obtained in 8 other E20 SCG neurons, in which puffer applications of l-3 mM 4-AP resulted in ~50% suppression of the peak outward K+ current.
When compared with the results obtained in late embryonic and neonatal SCG cells, several additional differences in excitable membrane properties were evident in E14.5-16.5 SCG neurons examined within the first 24 hr after isolation. In particular, although other voltage-activated currents were measured, I, was not evident in these cells. In addition, although input resistances were similar, smaller currents were required to evoke APs and APs were broader in these cells than in 2 E 18.5 SCG cells. Although it seems likely that I, was absent in vivo at the time the cells were dissociated from the ganglia, it might also be argued that the cells were damaged during the isolation procedure, resulting in the loss of I, channels. Although we have no direct evidence on this point, we think this possibility unlikely for several reasons. First, other voltage-activated currents, e.g., I,,, La, and I,, were readily measured in these cells, and the time-and voltage-dependent properties of these currents were indistinguishable from those measured in rE18.5 SCG cells. In addition, when SCG cells isolated at E14.5-16.5 were evaluated after x5-8 days in vitro, I, was present. The appearance of I, in vitro, therefore, paralleled the apparent time course of development of I, in vivo. As a result, we favor the interpretation that I, was not measured in E14.5-16.5 SCG neurons at the time of isolation because this conductance pathway had not yet developed in these cells in vivo.
together, these observations suggest that SCG neurons are electrophysiologically mature well before birth. Although this conclusion is in apparent conflict with at lease one previous study (Smith et al., 1982) , more recent work (Rubin, 1985a, b, c) suggests that the SCG is well developed early in embryonic life: Axon outgrowth from the SCG was evident at E14.5 (Rubin, 1985a) , dendritic outgrowth was observed at El 5.5 (Rubin, 1.985b) , and, perhaps most interesting, synaptic transmission could be measured as early as E14.5 (Rubin, 1985~) .
In spite of the increases in absolute current amplitudes, mean I, (Table 3 ) and I, (Table 2 ) densities appeared to decrease in In some molluscan neurons (Connor and Stevens, 197 la, b) , I, is involved in regulating repetitive firing. It seems unlikely that this is the primary function of I, in rat SCG neurons for several reasons. For example, in response to prolonged current injections, SCG neurons displayed a very limited range of firing rates with maximal frequencies of 530 Hz. Repetitive firing, therefore, does not seem to be a prominent feature of SCG neurons. In addition, the observation that firing frequencies in E14.5-16.5 SCG cells (in which I, was not apparent) were not significantly different from those in late embryonic and neonatal cells implies that neither the ability to fire APs repetitively nor the maximal firing frequency can be influenced significantly by the presence or the functioning of I,. It has been suggested (Belluzzi et al., 1985a ) that IA, rather than I, or I,, is the K+ conductance pathway primarily responsible for AP repolarization in mammalian sympathetic neurons. If this were the case, the absence or suppression of I, should be clearly reflected in the AP waveform. APs would be expected to be prolonged rel-ative to APs evoked when I, is functional. The findings that APs were broader in the presence of 4-AP and at depolarized membrane potentials, where I, is inactivated, are consistent with this postulated role for I, in AP repolarization. Furthermore, the observations that (1) APs were broader in E14. 5-16.5 (which lack IJ than in rE18.5 SCG cells 524 hr in vitro, (2) APs in E14.5-16.5 SCG cells maintained for several days in vitro repolarized more rapidly than APs in freshly isolated cells, and, (3) developmental changes in AP waveforms occurred over a time course that paralleled the time course of appearance of I, also support a role for I, in repolarization of the AP. Thus, it seems reasonable to conclude that I, is an important determinant of AP repolarization in rat SCG neurons and, in addition, that the appearance of I, during the embryonic development of these cells results in reshaping AP waveforms. An additional, presumably important, role for I, in some cells appears to be to regulate (or 'limit') excitability (Connor and Stevens, 197 1 b; Segal et al., 1984; Storm, 1986) . Since I, activates on membrane depolarization at relatively hyperpolarized potentials and current activation is rapid, this conductance pathway will oppose increases in inward currents, thereby 'limiting' or slowing depolarization. In the presence of I,, therefore, the time and/or the current required to reach the threshold to evoke an AP are expected to increase, and experimental observations support this suggestion (Connor and Stevens, 1971 b) . The observation here that smaller currents were required to evoke APs in E14.5-16.5 than in 1E18.5 cells (124 hr after isolation) is consistent with there being a similar (important) role for I, in SCG neurons.
It would have been interesting to evaluate the electrophysiological properties of embryonic SCG neurons at earlier times during development, particularly to evaluate the possibility that Na+ current density and/or Na+ current properties might vary during early development, as has been described in other systems (MacDermott and Westbrook, 1986; O'Dowd et al., 1988) . Unfortunately, this was precluded by the difficulties associated with recognizing and isolating the SCG at earlier times (Rubin, 1985a) . As noted previously, even in cultures prepared at E 14.5-16.5, morphologically distinct cell types were evident, suggesting contamination by cells not derived from the SCG. This hypothesis was supported by the observation that ~30% of the neurons in E 14.5-l 6.5 cultures did not bind 192-IgG, the monoclonal antibody directed against the NGF receptor (Chandler et al., 1984) indicating that these cells were most likely not sympathetic neurons (Richardson et al., 1986 ).
Previous studies in Xenopus spinal cord neurons also revealed changes in AP waveforms during development (Spitzer and Lamborghini, 1976; Baccaglini and Spitzer, 1977) . Although the observed changes (in AP waveforms) in these cells were largely attributed to developmental variations in inward Na+ and Ca2+ currents (Spitzer and Lamborghini, 1976; Baccaglini and Spitzer, 1977; Blair, 1983; Spitzer, 1983 Spitzer, , 1984 , more recent studies have revealed developmental changes in the amplitudes of voltage-and Ca2+-dependent K+ currents (O'Dowd et al., 1988) , as well as in the Ca2+-sensitivity of Ca*+-dependent K+ channels (Blair and Dionne, 1985) . Most likely these changes are also important in reshaping AP waveforms in these cells (O'Dowd et al., 1988) . In Ambystoma spinal neurons, developmental changes in outward K+ currents also appear to be important in altering AP waveforms (Barish, 1986) . Similarly, in Drosophila flight muscle, although I, appears early in development (Salkoff, 198 l) , a Caz+-sensitive fast outward current, termed I,,,, which is important in AP repolarization in the adult muscle, develops late (Salkoff, 1983) . It seems certain that there is not a single pattern or sequence that is followed in all systems during the development of membrane excitability. Rather, it seems more reasonable to assume that the developmental changes that occur in neuronal membrane properties and the processes that regulate these changes are variable in different cells. It may also be that the detailed pattern followed during the development of excitable membrane properties is specific for a particular cell type and its physiological function. We anticipate that approaches similar to those employed here will help to clarify these points in a variety of neuronal cell types in the developing mammalian nervous system.
